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The  local  atomic  structure  of  glassy  films  containing 
arsenic,  selenium,  and  tellurium  has  been  studied  by  electron 
diffraction  radial  distribution  analysis.  Measurements  have 
been  carried  out  systematically  on  a series  of  films  of  dif- 
ferent composition  and  the  results  have  been  compared  with 
diffraction  calculations  performed  for  various  structural 
arrangements.  Comparison  of  rdfs  from  amorphous  films  and 
from  microcrystallite  models  shows  that  the  local  atomic  order 
of  As2Se3  glassy  films  is  similar  to  that  of  crystalline  As2Se- 
However,  the  local  atomic  order  of  As2Te3  glassy  films  differs 
from  that  of  crystalline  As2Te3>  The  radial  distribution 
functions  indicate  that  these  glassy  films  are  essentially 
solid  solutions  having  a nearest  coordination  number  close  to 
2.4.  Results  on  films  of  other  compositions  are  presented 
and  discussed.  The  influence  on  crystallization  of  contact 
with  certain  metals  and  the  possibility  of  phase  separation 
of  the  glassy  films  are  discussed. 


IX 


CHAPTER  I 


INTRODUCTION 


During  the  past  several  years,  many  chalcogenide  glasses 
have  been  found  to  have  unusual  electrical  switching  charac- 
teristics."^ The  glasses  change  from  a high  to  a low  resis- 
tance state  at  a certain  threshold  voltage  and  may  be  restored 
to  the  high  resistance  state  by  application  of  a high  current 
pulse  or,  in  some  cases,  by  simply  reducing  the  voltage  to 

the  glasses.  Instead  of  finding  immediate  applications  in 

2 

electrical  devices,  chalcogenide  glasses  have  been  viewed 
with  caution  by  the  semiconductor  industries  since  the  mate- 
rials were  unreproducib le , the  devices  unreliable,  and  the 
theory  doubtful.  Since  these  electrical  switching  devices 

3 

depend  on  a phase  change  or  phase  separation  of  the  glass, 
the  above  problems  may  well  be  related  to  the  poorly  under- 
stood microscopic  structure  of  amorphous  chalcogenides . 

The  word  "amorphous"  is  designated  as  any  solid  which 
does  not  show  long-range  structural  periodicity.  The  amor- 
phous material  (or  glass)  may  be  obtained  by  quenching  a 
melt,  by  deposition  from  the  vapor  or  by  some  other  methods 
that  allow  the  solid  to  be  obtained  in  a disordered  state. 

The  glass  is  commonly  investigated  by  x-ray,  electron,  or 
neutron  diffraction  techniques.  Unlike  crystalline  material, 
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the  lack  of  long-range  order  in  the  glass  restricts  the  com- 
plete resolution  of  its  structure.  Instead,  a computed 
radial  distribution  function  (rdf)  from  the  scattering  data 
yields  a general  picture  of  the  near  neighbor  atom  arrange- 
ment. Thus,  two  extreme  cases  of  amorphous  structure,  random 
network  and  microcrystalline  models,  have  been  proposed  from 
previous  work  on  elements  and  compounds.  The  structure  of 
arsenic  chalcogenide  glasses  falls  inside  this  scope.  In 
this  thesis,  work  carried  out  on  the  structure  of  glasses 
containing  arsenic,  selenium,  and  tellurium  will  be  examined. 

Among  previous  studies  of  the  structure  of  arsenic  chal- 
4-13 

cogenide  glasses,  most  early  efforts  were  concentrated 

on  the  stoichiometric  composition  As-^Se-  or  As2^e^  (A7B-  type) 
by  x-ray  diffraction  of  bulk  glasses.  A striking  result, 
arrived  at  separately  by  different  authors,  was  that  the 
short-range  orders  in  glassy  As^Se^  and  in  crystalline  As2Sej 
were  similar, but  the  short-range  orders  in  glassy  and 
crystalline  As^Te^  were  di fferent . ^ ^ ^ Vaipolin  and  Porai- 
Koshits  proposed  a crystal-like  layer  structure  for  the 
As 2 (Chalcogen) j glasses.  On  the  other  hand,  Fitzpatrick 

g 

and  Maghrabi  suggested  a model  consisting  of  covalently 
bonded  networks  of  AsTe^^  units. 

9 

Recently,  Cornet  and  Rossier  used  x-ray  diffraction  to 
analyze  the  As-Te  glassy  system;  Renninger  and  Averbach^ 


did  similar  work  on  the  As-Se  glassy  system.  The  resulting 
rdfs  clearly  demonstrated  the  variation  of  the  local  order 
in  certain  regions  of  the  compositional  range.  A change  in 
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the  positions  of  rdf  peaks  with  increasing  arsenic  concentra- 

13 

tion  was  also  observed  in  As-Se  glassy  films.  The  measure- 
ment of  the  first  rdf  oeak  area  agreed  well  with  a model 
based  uoon  a three- fold  coordination  for  arsenic  and  two-fold 
coordination  for  selenium  or  tellurium  atoms.  No  layer 
structure  was  found  in  the  glassy  systems. 

Electron  diffraction  work  on  thin  glassy  films  carried 

12 

out  by  Andrievskii  et  al . gave  intensity  curves  similar  to 

those  obtained  by  x-ray  studies,  but  the  coordination  numbers 

were  higher  than  those  found  by  x-ray  analysis  of  the  bulk 

g 

glasses.  On  the  other  hand,  Cornet  and  Rossier  found  no 
difference  between  electron  and  x-ray  diffraction  results. 

The  chief  puroose  of  this  thesis  is  to  examine  the  struc- 
ture of  vapor  deposited  As-Se-Te  films,  because  films  may 
differ  in  structure  from  isocomoos itional  bulk  glasses  due 
to  the  considerable  difference  in  the  method  of  preparation. 
The  techniques  of  scanning  electron  diffraction  and  trans- 
mission electron  microscopy  were  used.  In  the  scanning  elec- 
tron diffraction  technique,  intensities  are  recorded  elec- 
tronically and  inelastically  scattered  electrons  having  an 
energy  loss  greater  than  a few  electron-volts  are  rejected 
by  an  electrostatic  filter.  The  resulting  rdfs  have  been 
compared  with  those  calculated  for  different  types  of  nearest 
neighbor  ordering  and  with  those  calculated  for  microcrystal- 
line arrays . 

Some  work  has  been  carried  out  on  the  crystallization 
phenomena  of  thin  arsenic  chalcogenide  glassy  films,  since 
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phase  change  or  phase  separation  phenomena  may  well  provide 
additional  information  of  the  glass  structure.  The  role 
played  by  metallic  electrodes  in  the  crystallization  of 
glass  will  also  be  examined. 

In  the  following  chapter  the  theory  of  electron  scatter- 
ing from  multicomponent  amorphous  thin  films  and  the  rdf 
calculation  for  microcrystallite  arrays  are  briefly  described. 
Chapter  III  gives  the  experimental  apparatus  and  procedures. 
The  results  of  electron  diffraction  analysis  and  electron 
microscony  are  presented  in  Chapter  IV.  These  results  are 
compared  with  the  rdf  calculated  for  different  types  of 
nearest  neighbor  ordering  and  for  microcrystallite  arrays 
in  Chapter  V.  The  observation  of  thermally  induced  crystal- 
lization of  arsenic  chalcogenide  glassy  films  is  presented 
and  discussed  in  Chapter  VI.  In  Chapter  VII  structural 
models  of  glassy  films  are  discussed.  Summary  and  conclu- 
sions are  presented  in  Chapter  VIII. 


CHAPTER  II 


INTERPRETATION  OF  DIFFRACTION  DATA  FROM  GLASSES 

X-ray  or  electron  diffraction  patterns  from  amorphous 
materials  generally  consist  of  a number  of  very  diffuse  rings 
which  characterize  the  lack  of  long-range  periodicity  in  the 
atomic  arrangement  of  amorphous  materials.  A complete  resolu 
tion  of  structural  parameters  from  the  diffuse  pattern  seems 
impossible.  However,  an  alternative  approach  by  taking  the 
Fourier  transform  of  the  scattering  data  yields  the  short- 
range  order  of  the  materials.  One  curve  characterizing  the 
short-range  order  is  called  the  radial  distribution  function. 
This  is  essentially  a spectrum  of  predominant  interatomic 
distances  . 

There  are  two  ways  to  interpret  the  experimental  diffrac 
tion  data.  The  first  one  is  the  depiction  of  a structural 
model  from  the  information  obtained  in  the  rdf.  The  second 
is  the  calculation  of  an  intensity  curve  and  consequent  rdf 
from  several  likely  models  for  comparison  with  the  actually 
observed  intensity  curve  and  rdf.  A close  match  determines 
a tentative  structural  model.  Both  methods  involve  the 
Fourier  transform  and  will  be  discussed  in  the  following 
sections . 
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Electron  Diffraction  by  Amorphous  Materials 


The  foundation  of  the  analysis  of  diffraction  patterns 
from  amorphous  structures  was  laid  by  Debye, ^ Debye  and 
Menke,"^  and  Zernike  and  Prins^  in  their  studies  on  diffrac- 
tion by  gases  and  liquids.  It  was  worked  out  by  Pings  and 
17  18 

Waser,  and  discussed  by  Dove  more  recently.  Details  of 

the  scattering  theory  may  also  be  found  in  several  texts, 

19  20 

for  example,  those  by  Guinier,  Warren,  and  Hosemamand 
2 1 

Bagghi.  The  brief  review  of  the  electron  diffraction  theory 
in  amorphous  materials  given  here  follows  the  discussion  by 

-p.  18 

Dove . 

Consider  an  array  of  N atoms  located  at  positions  , 

R2  , ...  R^j  relative  to  one  origin  and  having  atomic  scatter- 
ing factors  f^,  f ^ , ...  f ^ , illuminated  by  a beam  of  electrons 
or  x-rays  parallel  to  a victor  S . Let  the  structure  of  the 
array  of  atoms  be  macros copically  isotropic,  then  the  scattered 
electron  or  x-ray  intensities  in  the  direction  of  S’  may  be 
written  in  the  form  of  the  Debye  equation 


N 

I = I 

j-1 


f.2  ♦ 


N N sin(27Tsr  ) 

E Iff  £3- 

p q 


p=l  q= 1 


2tts: 


CD 


pq 


where  r = R -R  , s = (S-S  )/A  or  s = 2sin0/A,  20  is  the 
pq  p q’  v oJ  ' ’ 

angle  of  scattering  of  the  beam  and  X is  the  wavelength  of 
the  incident  and  scattered  radiation. 

In  practice,  the  amorphous  material  to  be  investigated 
may  contain  only  a few  different  types  of  atoms.  Let  x-^ , 

X2 , ...  xn  be  the  atomic  fraction  of  atoms  with  scattering 
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factors  f.,  , f ~ , ...  f . Introducing  the  distribution  func- 
1 ’ 2 n & 

2 

tion  4irr  p^(r)  for  the  number  of  j type  atoms  surrounding 
an  i type  atom  at  a distance  r,  and  replacing  summations  by 
integration 


n 


I (s)  = N E x - f . 


j = l 


3 3 


n n - . - 

+ N E Z x-  £-  £.  / 4ttt  (p-.(r)-p.j  — ~ dr 

- t • , i i i o ; 2iTsr 

i = l j = 1 J J J 

n n _ . _ 

xr  v v j-  r rm  a 2 — smZirsr  , 

+ N E E x.  f.  f.  / 4irr  p.  — ~ dr  (,2) 

i = l j = i 1 1 3 0 3 2irsr 


P^j(r)-Pj  is  put  in  because  the  atomic  density  distribu- 
tion function  p. . fluctuates  about  a consistent  mean  den- 

ij 

sity  of  j type  atoms  p\ . In  this  way,  the  last  term  gives 
rise  only  to  a very  small  angle  contribution  and  this  is 
determined  by  the  macroscopic  shape  of  the  illuminated  region 
of  the  specimen;  this  contribution  is,  however,  usually 
unobservable  since  it  is  lost  in  the  edge  of  the  undeflected 
beam.  The  small  angle  term  may  be  discarded.  Moreover,  the 
contribution  in  the  small  angle  region  may  also  arise  from 
voids,  local  density  fluctuations,  and  precinitates , etc. 
Including  this  information  may  cause  errors  in  the  rdf. 

Equation  (2)  without  the  last  term  may  be  rearranged  to 
give  the  interference  function  si(s) 
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si(s)  = s 


fT(s) 


NZx.  f. 
1 I 


NF^ (s) 


"2 2 Z x.  f.  £ . /“  4irr  (p,  . (r) 

' (s ) i j 1 1 3 “ ij 


- Pj)  sin2irsr  dr 


(3) 


where  F2(s)  - ( I x.  f . (s ) ) 2 /g (s ) , g(s)  is  a slowly  varying 

J ^ 

convergence  function  and  g(O)  = 1. 

The  transform  of  si(s)  may  be  found. 

oo 

l si(s)  sin2fTrs  ds 


oo 

= U (r-t)  Z Z X.  p..(r-t)  Q.  . (t)  dt 
i i J J 


J 

(Z  x f (0)) 
- rp  «U — L 


an 


F2  (0) 

oo  fi 

d Q-  . (x)  = / cos2TTrs  ds 

± J ” r?  ^ 


(4) 


The  last  term  in  the  equation  reduces  to  rpQ.  If  there  is 
only  one  kind  of  atom  in  the  specimen,  the  right  side  of  the 
equation  reduces  to  rp(r)-rpQ,  which  is  so  in  the  case  of 
elements.  The  rdf  is  then  represented  by  4irr  p(r). 

In  general,  it  can  be  seen  that  the  rdf  is  a composite 
of  peaks  due  to  interference  between  several  types  of  atoms. 
Peak  shapes  are  modified  by  convolution  with  the  (h  j func- 
tions and  peak  areas  are  multiplied  by  f^O)  f^.(0)/F2(0) 
where  a particular  peak  is  assumed  to  be  due  to  interference 
between  atoms  of  type  i and  type  j. 
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Pair  Function  Calculation 


■ As  it  is  expressed  in  the  diffraction  theory,  the  inten- 
sity of  scattered  electrons  from  an  amorphous  matter  is  the 
summation  of  scattered  electrons  from  pairs  of  atoms.  The 
Fourier  transform  of  the  scattered  electrons  can  be  numer- 
ically evaluated  in  the  form  of  the  pair  function  (r) . 

P..(r)  = /°°  f.f.  sin27Tsr..  sin2Trsrds  (5) 

ijoij  lj  v J 


The  summation  of  all  pair  functions  in  the  matter  gives  a 
function  which  is  similar  to  the  radial  distribution  func- 
tion. The  position  of  the  peaks  in  the  function  gives  the 
various  interatomic  distances  j • Thus,  pair  functions  are 
evaluated  for  various  microcrystallites  and  nearest  neighbor 
bonding  conditions  to  give  a theoretical  rdf  that  could  be 
compared  with  curves  obtained  by  experiment.  The  calcula- 
tion of  the  reduced  intensity  curves  has  been  done  by  Germer 
2 2 2 3 

and  White  and  by  James.  An  extensive  discussion  was 
offered  by  Morozumi  and  Ritter"^  in  a calculation  of  body- 
centered  cubic  cubes  of  several  different  sizes. 

Consider  the  case  of  matter  consisting  of  small  crystal- 
lites or  structural  units  which  have  the  same  shapes  and  same 
sizes.  Since  the  amorphous  materials  are  isotropic,  the 
crystallites  or  the  structural  units  are  assumed  to  take  on 
all  orientation  with  equal  probability.  The  reduced  intensity 
function  can  be  evaluated  by  measuring  the  distance  between 
each  pair  of  atoms  r^  • and  counting  the  number  of  equivalent 
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airs  N. . . 
1 3 


I(s) 


E E £•  f - 
• • i 1 

i J J 


sin2Trr.  • s 
i] 

2iTr.  . s 
ij 


ds 


(6) 


By  modifying  the  equation  with  the  normalization  func- 

2 

tion  F and  an  artificial  thermal  factor  e~as  , the  computed 
interference  function  can  be  shown  as 


fi  £lc  .„c2  s in2irr . . s 

si  (s)  = EE  — 9— - N.  . e as  — , U ds 

F2  i]  2nri.  s 


(7) 


The  Fourier  transform  of  this  function  gives  the  com- 
puted rdf.  It  should  be  noted  that  the  computed  intensity 
curve  includes  only  the  intraparticle  interference.  The 
interparticle  interference  contributes  only  to  the  intensity 
at  small  angle  regions  and  is  omitted  here  because  of  the 
neglect  of  small  angle  diffraction  in  actual  experiment. 

The  term  f^f./F  in  Eq.  (7)  may  be  neglected  for  atoms 
with  very  similar  scattering  factors.  But  for  atoms  with 
quite  different  scattering  factors,  this  factor  must  be 
cons  ide  red. 


CHAPTER  III 


EXPERIMENTAL  PROCEDURES  AND  APPARATUS 


Amorphous  arsenic  chalcogenide  thin  films  were  prepared 
by  vacuum  deposition  onto  room  temperature  substrates  and 
investigated  in  a scanning  electron  diffraction  system  and 
in  a transmission  electron  microscope.  Fourier  transforms  of 
the  recorded  diffraction  data  were  obtained  by  use  of  the  IBM 
System/360  Model  65  computer. 


Preparation  of  Thin  Films 


To  avoid  multiple  scattering  and  loss  of  resolution  in 
electron  diffraction,  the  specimen  must  be  thin  and  not  over 
two  hundred  angstroms  in  thickness.  Generally,  there  are 
two  ways  to  prepare  a very  thin  specimen.  One  involves  an 
evaporation  and  deposition  process,  the  other  is  the  thinning 
down  of  the  bulk  specimen  directly.  In  the  preparation  of 
alloy  films  by  the  first  method,  flash  evaporation,  or 
sputtering,  or  multiple  source  evaporation  has  to  be  adopted 
to  maintain  consistency  in  composition  throughout  the  film. 

In  this  work,  As-Se  and  As-Te  glassy  films  plus  two 
intermediate  compounds,  As2Se2Te  and  As2SeTe2,  have  been  pre 
pared  and  investigated.  The  bulk  chalcogenides  were  made 
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first  by  melting  high  purity  elements  at  the  desired  composi- 
tion in  an  evacuated  vycor  tube.  Occasional  shaking  was 
required  to  assure  the  homogeneity  of  the  melt.  The  quenched 
bulk  specimen  was  ground  in  a porcelain  mortar  and  pestle  to 
a finely  powdered  form.  Subsequently,  as  shown  in  Figure  1, 
the  powder  was  dropped  in  vacuum  into  a direct  current  heated 
molybdenum  boat,  and  evaporated  onto  a room  temperature  sub- 
strate which  was  either  a polished  rock  salt  plate  or  a piece 
of  freshly  split  mica.  The  thickness  of  the  film  was  pre- 
dicted by  a quartz  crystal  thickness  monitor  and  controlled 
by  a shutter  located  half-way  between  the  boat  and  the  sub- 
strate. The  rate  of  dropping  the  powder  into  the  boat  was 
approximately  lOmg/sec.  Too  fast  a feed  rate  would  cause 
the  powder  to  jump  out;  too  slow. a rate  would  allow  the  heat 
of  the'  boat  to  warm  up  the  substrate.  The  process  started 
with  a vacuum  of  10  ^ Torr,  but  a vacuum  of  5x10  ^ Torr  was 
reached  during  evaporation. 

Great  care  was  taken  when  immersing  the  film-substrate 
into  water  as  required  to  strip  off  the  film.  The  floated- 
off  film  was  picked  up  on  fine  mesh  molybdenum  screening. 
After  drying,  the  film  was  then  ready  for  electron  diffrac- 
tion investigation. 
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Figure  1.  Thin  film  preparation  by  flash  evaporation. 


14 


Scanning  Electron  Diffraction  System 


2 6 

• This  system  was  developed  by  Grigson  at  the  University 

2 7 

of  Cambridge,  and  modified  by  Dove  and  Denbigh.  A schematic 
diagram  of  this  system  is  shown  in  Figure  2. 

The  diffractometer  consists  essentially  of  an  electron 
gun,  magnetic  lens  and  an  electronic  detection  unit.  The 
electron  gun  of  a conventional  electron  microscope  is  employed 
but  the  design  allows  fast  vacuum  pumping.  The  filament  of 
the  electron  gun  is  held  at  a potential  of  -45kV.  In  this 
arrangement,  electrons  produced  by  the  hot  filament  pass 
through  an  aperture  and  magnetic  lens,  and  strike  the  speci- 
men. A multiple  specimen  holder  can  hold  up  to  five  speci- 
mens at  one  time,  allowing  several  specimens  to  be  examined 
in  succession  without  breaking  the  vacuum  of  the  system. 

After  striking  the  specimen,  some  electrons  are  deflected 
from  their  original  path  and  produce  a diffraction  pattern 
below.  The  magnetic  field  produced  by  a pair  of  coils 
located  beneath  the  specimen  can  scan  the  diffracted  beam 
back  and  forth  across  a small  collection  aperture.  A phos- 
phor-coated plate  at  the  same  level  as  the  aperture  permits 
the  diffraction  pattern  to  be  viewed  directly. 

An  electrostatic  filter  is  placed  in  the  path  of  the 
electrons  below  the  collection  aperture.  This  design  con- 
sists of  a retarding  potential  provided  by  a fine  copper 
mesh  (l,50(Hpi)  connected  to  the  gun  filament  through  a bias 
voltage.  The  filter  has  micrometer  translational  movements 
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40  kV 


Figure  2.  Schematic  diagram  of  the  scanning  electron 
diffraction  system. 


16 


for  precise  location  of  the  mesh  electrode  relative  to  the 
beam.  As  a result,  the  filter  rejects  the  inelastically 
scattered  electrons  that  have  lost  more  than  a few  electron- 
volts,  and  allows  only  elastically  scattered  electrons  to 
reach  the  detection  unit.  The  primary  beam  energy  is  45keV. 

A second  pair  of  coils  directly  below  the  collection 
aperture  is  driven  in  synchronism  with  the  scan  coils  in 
order  to  correct  the  deviation  angle  of  deflected  rays  enter- 
ing the  aperture.  In  this  way,  electrons  stay  close  to  the 
optic  axis  when  traversing  the  filter. 

The  elastically  scattered  electrons  finally  reach  a 
phosphor  screen,  and  the  light  generated  is  detected  by  a 
photomultiplier  tube,  and  measured  by  an  electrometer.  The 
measured  intensity  is  displayed  on  an  x-y  recorder  on  which 
the  x trace  gives  the  scan  angle  and  the  y trace  gives  inten- 
sity. 

An  electron  bombardment  furnace  is  built  inside  the 
scanning  electron  diffraction  system.  This  furnace  can  evapo- 
rate materials  directly  onto  the  specimen  films  and  was  used 
to  investigate  the  effect  of  metals  on  crystallization  of 
the  amorphous  films. 

Processing  of  Diffraction  Data 

To  obtain  a good  rdf,  it  is  essential  to  record  the 
intensity  data  with  a high  level  of  accuracy  and  to  process 
the  data  carefully.  Inelastically  scattered  electrons 
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contribute  only  to  a background  intensity,  thus  masking  real 
features;  indirect  electron  photographic  recording  of  the 
intensity  may  result  in  a loss  in  sharpness  of  the  diffrac- 
tion profile.  Therefore,  any  method  that  employs  no  energy 
filtering  of  the  intensity  is  likely  to  lose  resolution  in 
rdf  analysis.  The  scanning  electron  diffraction  system  was 
designed  to  overcome  these  shortcomings.  However,  a perfect 
rdf  curve  is  still  far  from  reality.  There  are  always  some 
anomalous  features  in  the  rdf  curve  due  to  errors  occurring 
during  recording  the  intensity,  due  to  multiple  scattering, 
local  heating  of  the  sample  by  the  electron  beam,  and  a 
termination  effect  due  to  the  finite  scattering  range  over 
which  the  diffraction  data  available.  Ideally  the  Fourier 
transform  should  be  carried  out  over  an  infinite  range  of 
scanning  parameters,  but  this  is  impossible  to  achieve. 

A typical  diffracted  intensity  profile  of  an  AsSe  glassy 
film  recorded  in  the  scanning  electron  diffractometer  is 
shown  in  Figure  3.  Electronic  gain  was  increased  at  s = 

0.67A  and  s = 1.07A  in  order  to  record  the  decreasing 
intensity  curve.  Scattering  angle  was  calibrated  for  each 
run  by  measuring  the  profile  from  a polycrystalline  gold  foil. 
The  recorded  diffraction  profile  was  first  read  out  in  arbi- 
trary units  at  an  interval  of  0.005X  ^ . They  were  fed  into 
a computer  program  which  calculated  the  interference  function 

si(s)  of  Eq.  (2).  The  electron  scattering  factors  given  in 

2 8 

the  table  by  Vainstein  were  used.  The  normalization  func- 

2 2 
tion  F (s)  was  chosen  to  equal  to  (Zx^f^(s))  . After 
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Figure  3.  A typical  electron  diffraction  profile  of  an  amorphous  thin  film 
recorded  using  the  scanning  electron  diffraction  system. 
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modifying  by  the  scattering  factors,  the  si(s)  alternated 

above  and  below  a horizontal  line  with  decreasing  amplitudes. 

Even  when  the  intensity  was  very  small  at  s , the  point 

where  recorded  data  ended,  the  si(s)  still  exhibited  quite  a 

large  amplitude.  As  a consequence,  if  the  Fourier  transform 

of  si (s)  terminated  at  the  top  or  dip  of  the  curve,  it  would 

result  in  some  spurious  ripples  located  at  the  small  r region 

and  at  the  large  r region  and  present  under  the  real  peaks. 

Therefore,  before  continuing  the  transform  process,  the  si(s) 

curve  had  to  be  examined.  The  transform  had  to  be  terminated 

at  a point  where  the  si(s)  was  small,  i.e.,  at  s'  . The  rdf 

max 

as  traced  at  intervals  of  0.05A  up  to  loX.  A plotting  pro- 
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gram  was  used  to  plot  the  4Trr  (p  (r)  - pQ)  vs  r and  47Tr"'p(r)  vs  r 
curves . 

The  atomic  density  pQ  of  the  amorphous  chalcogenide  thin 
films  was  obtained  from  the  density  of  bulk  samples  measured 
by  Archimedes’  method.  The  density  values  of  each  specimen 
are  listed  in  Table  I. 

Among  those  unavoidable  effects  which  produce  extra 
features  in  rdf,  some  effects  may  be  neglected.  The  diffuse 
scattering  of  the  electron  beam  caused  by  thermal  vibration 
of  the  lattice  should  have  in  principle  a very  similar  effect 
in  every  specimen.  It  has  been  shown  that,  with  atomic 
thermal  vibrations,  the  diffraction  pattern  of  the  crystal 
is  the  same  as  that  of  a perfect  crystal  but  the  diffraction 
peak  intensities  are  reduced  by  a factor  D = exp (-  16tt2s in2 9/A 2 
<us  >) » where  <u  > is  the  mean  square  vibration  amplitude 


20 


Table  I 

Measured  Density  of  Chalcogenide 
Glasses  (Bulk) 


Specimen 

d,  gm/cm^ 

p , atm/A^ 

AsSe 

4.526 

0.0354 

As  2 Se  3 

4.  379 

0.0340 

As  Se  j 

4.400 

0.0339 

As7Se?Te 

4.405 

0.0310 

As2SeTe2 

4.977 

0.0  3.50 

AsTe 

5.886 

0.0349 

As  2Te  3 

6.187 

0.0350 

AsTe  3 

6.209 

0.0326 

in  the  s direction,  and  D is  called  the  Debye-Waller 
19  20 

factor.  ’ An  excessively  thick  amorphous  film  specimen 
will  have  an  interference  function  oscillating  not  along  a 
horizontal  line  but  with  an  overall  positive  slope.  Conse- 
quently, proper  normalization  cannot  be  carried  out.  How- 
ever, only  thin  films  are  investigated  in  this  work.  The 
termination  effect  that  results  whenever  the  transform  cannot 
be  carried  out  to  infinity  in  reciprocal  space  should  be 
handled  with  care.  It  has  been  observed  that  the  small 
periodic  ripples  before  the  first  real  peak  in  most  rdfs  are 
mainly  due  to  the  finite  range  termination  effect,  and  their 

magnitude  can  be  decreased  sharply  by  extending  the  transform 
° - 1 

to  over  3A 

max 

Another  problem  arises  in  comparing  rdfs  of  two  speci- 
mens. It  is  very  desirable  that  they  show  the  same  amount 
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of  rippling  due  to  termination  effects.-  This  is  very  diffi- 
cult to  achieve  because  of  the  difference  in  si(s)  curves. 

When  the  convergence  of  the  si(s)  curve  is  considered,  it  is 
necessary  to  terminate  the  transform  at  slightly  different 
values  of  s'  . However,  the  difference  obtained  in  the 

III  a.X 

curves  are  not  very  great. 
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Kaplow  et  al . have  developed  a procedure  to  eliminate 
the  ripples  before  the  first  rdf  peak.  It  was  successful  to 
a degree  in  many  cases.  The  present  author  has  employed  this 
procedure  to  obtain  the  rdf  of  amorphous  germanium.  How- 
ever, after  correction,  features  beyond  the  first  peak  changed 
a little  and  the  application  of  the  correction  procedure  was 
not  worthwhile.  Applying  an  exponential  function  to  the 
si(s)  curve  has  a similar  effect  on  the  rdf  to  that  produced 
by  atomic  thermal  vibrations,  leading  to  broadening  and 
shortening  of  peaks.  All  these  correction  procedures  vary 
the  rdf  slightly  and  must  be  considered  when  drawing  conclu- 
sions from  the  rdf  curve. 


CHAPTER  IV 


RESULTS  OF  THE  ELECTRON  DIFFRACTION  EXPERIMENTS 


Electron  diffraction  analysis  has  been  carried 
amornhous  thin  films  of  AsSe,  As2Se2,  AsTe,  As2Te^, 
As2Se2Te,  and  As2SeTe2 • The  diffraction  profiles  of 
specimens  are  very  diffuse.  The  corresponding 

have  been  obtained. 


out  on 
AsTe  j , 
these 
rdfs 


As-Se  and  As-Te  Glassy  Films 

The  most  noticeable  result  from  the  study  of  a series 
of  films  is  the  systematic  variation  of  the  diffraction  maxima 
with  the  composition . This  is  clearly  demonstrated  in  the 
diffraction  profiles  of  As-Se  and  As-Te  glassy  films  (Figures 
4 and  5).  All  diffraction  profiles  of  these  glassy  films  are 
similar,  but  the  diffraction  maxima  vary  in  intensity  and 
location  in  diffraction  space  from  one  composition  to  another. 
The  first  diffraction  peak  located  near  0.2X  1 is  character- 
istic of  arsenic  chalcogenide  glasses.  Figures  4 and  5 show 
that  this  first  peak  tends  to  move  to  larger  s values  as  the 

1 

concentration  of  selenium  or  '.ellurium  is  increased  in  the 
glassy  films.  The  intensity  of  this  peak  increases  as  the 
selenium  concentration  is  increased  in  the  As-Se  glasses, 
and  decreases  as  the  tellurium  concentration  is  increased  in 
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Figure  4.  Diffracted  electron  intensity  profiles  from  amor- 
phous As-Se  thin  films.  (a)  AsSe,  (b)  As?Se,, 

(c)  AsSe3. 
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Figure  5.  Diffracted  electron  intensity  profiles  from 
amorphous  As-Te  thin  films.  (a)  AsTe, 

(b)  As2Tej,  (c)  AsTe^. 
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the  As-Te  glasses.  The  locations  of  the  diffraction  maxima 
in'  these  films  are  summarized  in  Table  II. 


Table  II 

Location  of  Diffraction  Peaks  of 
As-Se  and  As-Te  Glassy  Films 


Specimen 

1st 

2nd 

3rd 

4th 

AsSe 

0.197 

0 . 36  0 

0.593 

0.925 

As2?>e  ^ 

0 .200 

0 . 359 

0.5  86 

0.914 

AsSe 

0.230 

0. 336 

0.582 

0.910 

AsTe 

0.173 

0.347 

0.566 

0.875 

As  0 Te  ^ 

0.184 

0.  336 

0.552 

0.  852 

AsTe  ^ 

0.210 

0 . 320 

0.515 

0 . 820 

Clearly,  while  the  first  peak  moves  to  larger  s values 

as  the  concentration  of  Se  and  Te  is  increased,  all  other 

diffraction  peaks  of  these  glassy  films  tend  to  move  to 

q 

lower  s values.  Cornet  and  Rossier  have  observed  that  the 
diffraction  pattern  of  As  Te,  glasses  shrank  as  the  Te 

A “ .X. 

concentration  increased.  From  their  figure  it  seems  that 
the  first  peak  did  not  follow  the  other  peaks'  movement  in 
agreement  with  the  present  results. 

The  normalized  intensity  functions  (interference  func- 
tion) of  As-Se  and  As-Te  glassy  films  are  shown  in  Figures 
6 and  7.  Clearly,  the  si(s)  curves  demonstrate  that  even 
when  the  intensity  curve  is  almost  flat,  there  are  still 
large  undulations  in  the  interference  curve.  Due  to 
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Figure  6.  I(s)/F  (s)  vs  s for  the  As-Se  films  of  Figure  4. 
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Figure  7.  I(s)/F^(s)  vs  s for  the  As-Te  films  of  Figure  5 
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different  experimental  conditions,  As-Se,  and  As0Te^  have 

’2  3 2 j 

been  recorded  over  a smaller  scattering  range.  This  created 
some  noise  in  later  rdf  computation  due  to  higher  termination 
effect.  It  should  be  noted  that  the  diffraction  profiles  in 
Figures  4 and  5 were  plotted  at  shorter  s ranges  because  they 
were  almost  a straight  line  beyond  that  point. 

The  result  of  obtaining  a Fourier  transform  of  the  inter- 
ference function  may  be  plotted  in  two  forms,  47ir  (p  (r)  - p ) 

2 

vs  r and  4rr  p (r)  vs  r (rdf).  The  peak  maxima  in  the 

4Trr  (p (r)  - p ) vs  r plot  indicate  the  average  interatomic  dis- 

2 

tance  in  the  glass,  and  the  area  under  the  peak  of  4irr  p(r) 
vs  r plot  provides  a measure  of  the  atomic  coordination 
number  for  atoms  having  that  particular  interatomic  distance. 
The  4irr  (p  (r)  - p ) vs  r plots  of  films  of  AsSe,  As^Se^,  AsSe^, 
AsTe,  As2rFe^,  and  AsTe^  are  shown  in  Figures  8 through  13, 
respectively.  The  rdfs  of  these  films  are  plotted  in  Figures 
14  and  15,  in  which  one  series  of  films  is  plotted  together 
for  better  comparison.  Surprisingly,  the  rdfs  of  As-Se 
glassy  films  do  not  show  significant  variation  with  composi- 
tion in  spite  of  the  apparent  change  in  intensity  curves. 

The  locations  of  the  first  peaks  are  2.4,  2.42,  and  2.38A, 
respectively,  f.or  films  AsSe,  As^Se^,  and  AsSe^.  The  nearest 

neighbor  coordination  numbers  given  by  the  first  peak  area 
» 

are  slightly  changed  in  As-Se  glassy  films,  but  they  are 
close  to  2.4.  In  As-Te  glassy  films,  the  first  and  the  second 
nearest  neighbor  distances  apparently  increased  with  increas- 
ing Te  concentration.  This  seems  logical  since  the  tellurium 
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Figure  8.  47rr  (p  (r)  - p ) vs  r for  the  amorphous  AsSe  film  of  curve  a,  Figure 
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Figure  9.  4irr  (p  (r)  - p ) vs  r for  the  amorphous  As  ? film  of  curve  b.  Figure 


31 


o< 

•s 

L. 


Figure  10.  4ur (p (r) -p  ) vs  r for  the  amorphous  AsSe.,  film  of  curve  c,  Figure 
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vs  r for  the  amorphous  AsTe  film  of  curve  a,  Figure 
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Figure  12.  4TTr(p(r) -p  ) vs  r for  the  amorphous  As?Te,  film  of  curve  b,  Figure 
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Figure  14.  Radial  distribution  functions  of  the  amorphous 
As-Se  films. 


4nr/;(r) 


36 


Figure  15.  Radial  distribution  functions  of  the  amorphous 
As-Te  films. 
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atom  has  a larger  atomic  radius.  However,  the  area  under  the 
first  peak  is  unchanged  from  one  compound  film  to  another. 
The  summarized  nearest  neighbor  data  are  shown  in  Table  III. 

The  electron  diffraction  profiles  of  glassy  films 
As2Se2Te  and  As2SeTe2  are  shown  with  those  of  As9Se3  and 
As2Te3  in  FiSure  16.  The  shrinkage  of  the  diffraction  pat- 
terns occurred  as  the  selenium  atoms  were  substituted  for  by 
tellurium  atoms.  In  this  case,  the  first  peak  moved  toward 
the  origin  with  the  rest  of  the  peaks.  However,  the  two 
inter-series  compounds  have  diffraction  profiles  smaller 
than  the  one  of  As2Te3.  Ihe  location  of  diffraction  peaks 
is  shown  in  Table  IV  for  the  A2B3  films. 

Ihe  corresponding  rdfs  of  intensity  curves  a,  b,  c,  and 
d are  shown  in  Figure  17.  The  deduced  local  atomic  order  is 
summarized  in  Table  III.  It  is  clear  that  increasing  the 
concentration  of  large  tellurium  atoms  results  in  the  nearest 
atomic  distance  increasing.  The  data  also  show  that  the  half 
width  of  the  first  rdf  peaks  increases  with  increasing  tellur- 
ium concentration  in  the  glassy  films. 

The  mean  interatomic  distances,  shown  by  the  location 
of  the  first  rdf  peaks,  in  As-Se  and  As-Te  glassy  films  are 
generally  in  agreement  with,  but  slightly  larger  than,  the 
atomic  distance  taken  from  the  sum  of  the  covalent  radii  of 
these  constituent  species.  The  covalent  radii  of  Se , As, 
and  Te  from  Pauling  are  1.17,  1.21,  and  1.37A,  respectively. 
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Table  III 

Short-range  Order  of  As-Se-Te  Glassy  Films 

Peak  Locations,  X Area  Under  Half  Width 


Specimen 

rl 

r2 

r3 

1st  Peak 

of  1st  Peak 

°-1 

s , A ' 

max’ 

AsSe 

2.40 

3.50 

4.32 

2.28 

0.  30 

2.25 

As  2 S e ^ 

2.42 

3.68 

4.60 

2.40 

0.35 

1.88 

AsSe  ^ 

2.38 

3.  70 

4.50 

2.00 

0.36 

2.25 

Calculated 

As2Se2 

2.42 

3.61 

4.20 

2.40 

0.37 

1.  88 

AsTe (a) 

2.53 

3.85 

5.20 

2.40 

0.  37 

2.20 

As  2Te  2 

2.63 

3.88 

4.45 

2.40 

0.44 

1.78 

AsTe  j 

2.73 

3.90 

4.24 

2.40 

0.48 

2.10 

Calculated 

As  2 Te  j 

2 . 83 

4.00 

4.70 

3.70 

0.43 

1.78 

AsTe  (b) 

2.54 

3.96 

4.30 

■ 3.88 

0.47 

2.10 

AsTe  (c) 

2.58 

3.85 

4. 30 

3.92 

0.35 

2.20 

As 2 Se2Te 

2.47 

3.  77 

4.15 

2 . 20 

0.40 

1.78 

As2SeTe? 

2.51 

3.  80 

4.30 

2.50 

0.45 

1.89 

NOTE:  AsTe (a)  - 

amorphous  AsTe 

film. 

AsTe(b)  - intermediate  region  between  amorphous  and 

partially  crystallized  AsTe  film. 

- partially  crystallized  AsTe  film. 


AsTe  (c) 
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Figure  16.  Diffracted  intensity  profiles  from  amorphous 

As2Chalcogen3  films.  (a)  As2Se3,  (b)  As2Se2Te, 
(c)  As 2SeTe2 j (d)  As2Te2* 


40 


r,  A 


Radial  distribution  functions  of  the  amorphous 
As2Chalcogen2  films  of  Figure  16. 


Figure  17. 
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Table  IV 


Location  of  Diffraction  Peaks  of 
As 2Chalcogen3  Glassy  Films 


Specimen 

1st 

2nd 

3rd 

4th 

As  2 Se  3 

0 . 200 

0. 359 

0.586 

0.914 

As  2 Se2Te 

0.180 

0 . 330 

0.550 

0.887 

As2SeTe2 

0.180 

0.  320 

0.555 

0.890 

As  2Te  j 

0.184 

0 . 336 

0.552 

0 . 852 

The  possible  atomic  combinations  lead  to  predicted  inter* 


atomic  distances  as  follows: 


Cry 


As 

- As 

2.  42A 

As 

- Se 

2.38 

As 

- Te 

2.58 

Se 

- Se 

2.34 

Se 

- Te 

2.54 

Te 

- Te 

2.74 

stallized  AsTe  Film 


One  AsTe  glassy  film  was  accidentally  partially  crystal- 
lized several  days  after  preparation.  Scanning  across  the 
film  would  reveal  amorphous  and  crystalline  regions.  The 
diffraction  profiles  corresponding  to  the  amorphous  AsTe, 
the  boundary  between  amorphous  and  crystalline  AsTe,  and 
crystallized  AsTe  are  shown  in  curves  a,  b,  and  c,  respec- 
tively, in  Figure  18.  Some  amorphous  background  can  still 
be  seen  in  curve  c.  The  crystalline  pattern  was  unknown  and 
could  not  be  identified  as  an  As2Te^  pattern  or  mixture  of 
one  phase  with  crystalline  Te  phase.  The  corresponding 
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s , A * 

Figure  18.  Diffracted  intensity  profiles  from  an  AsTe  film. 

(a)  as  prepared,  (b)  partially  crystallized, 

(c)  later  stage  of  crystallization. 
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interference  functions  are  shown  in  Figure  19,  and  the 
4rrr  (p  (r)  - p ) vs  r plots  of  curves  b and  c.  in  Figure  18  are 
shown  in  Figures  20  and  21,  respectively.  Their  rdfs  are 
plotted  in  one  single  figure  (Figure  22).  There,  the  nearest 
neighbor  coordination  number  and  the  interatomic  distance  are 
increased  as  glassy  film  crystallized.  The  amorphous  AsTe 
has  quite  different  short-range  order  to  that  of  crystal- 
line AsTe. 


Transmission  electron  micrographs  of  these  glassy  films 

proved  featureless,  no  variation  in  the  film  could  be  detected 

when  changing  the  composition  of  films,  although  examination 

at  the  highest  resolution  was  not  possible. 

It  should  be  noted  that  for  a particular  rdf  peak,  which 

is  due  to  interference  between  atoms  of  type  i and  type  j, 

the  peak  area  is  equal  to  the  coordination  number  multiplied 

2 

by  a weighting  factor  f^(0)f-(0)/F  (0).  Thus,  the  nearest 
coordination  number  obtained  from  rdf  should  be  corrected  by 
this  term.  However,  the  rdf  peaks  may  have  several  possibili- 
ties of  combination  of  atoms  i and  j.  It  is  very  unlikely 
that  this  correction  procedure  may  be  carried  out  without 
specifying  a particular  structural  model  of  the  specimen. 

For  the  purpose,  of  making  comparison  between  rdfs  from  exper- 
imental and  calculated  microcrystallite  arrays,  the  nearest 
« 

coordination  number  without  correction  will  be  used  in  the 
next  chapter.  The  correction  factors  do  not  differ  very 
largely  from  unity  for  the  compositions  studied  and  will  be 
considered  in  detail  in  Chapter  VI. 
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Figure  20.  4Trr(p(r)-p  ) vs  r for  curve 
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Figure  21.  4nr(p(r)-p  ) vs  r for  curve  c of  Figure  18. 
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Figure  22.  Radial  distribution  functions  of  AsTe  films. 

(a)  as  prepared,  (b)  partially  crystallized, 
(c)  later  stage  of  crystallization. 


CHAPTER  V 


MODELING  VIA  PAIR  FUNCTION  CALCULATIONS 

Amorphous  materials,  as  defined  above,  are  solids  which 
lack  the  long-range  order  of  atoms  periodically  located  on  a 
regular  lattice.  A model  may  be  thought  of  as  a single  crys- 
tal which  is  broken  down  into  smaller  blocks  of  different 
orientation.  As  these  blocks  get  smaller  and  smaller,  one 
ultimately  reaches  a microcrystalline  model  for  the  amorphous 
state.  On  the  other  hand,  the  amorphous  material  can  be  a 
continuous  network  in  which  the  structural  periodicity  is 
absent.  Based  on  these  structural  models,  the  rdfshave  been 
calculated  and  compared  with  the  corresponding  specimen  results. 

Crystal  Structure 

Crystalline  As^Se^  and  As^Te? 

Among  those  glassy  films  in  this  work,  only  the  composi- 
tions As2Sej  and  As2Te2  are  known  to  have  crystalline  forms. 

They  are  monoclinic  in  structure.32,33  Renninger  and  Averbach34 
have  determined  the  As^Se^  crystalline  structure  from  poly- 
crystalline x-ray  diffraction  data.  However,  since  the  As2Se2 
crystalline  structure  determined  by  them  by  the  same  method 
differs  in  the  monoclinic  angle  found  by  Vaipolin,32  the 
j4s4^e4  crystalline  structure  determined  by  this  method  may 
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not  be  known  very  precisely  and  should  be  verified  with  single 
crystal  data.  Crystalline  As2Se^  showing  in  Figure  23  appar- 
ently has  a distinct  layer  structure,  and  only  weak  van  der 
Waals  forces  binding  the  layers.  The  average  atomic  distance 
between  As  and  Se  atoms  in  the  layer  is  around  2.42A.  The  As 
atoms  have  a three-fold  coordination  and  the  Se  atoms  have  a 
two-fold  coordination.  The  average  atomic  coordination  number 
is  2.4.  This  shows  that  the  short-range  order  of  amorphous 
As2'Se2  is  similar  to,  but  not  necessarily  identical  to,  the 
local  atomic  arrangement  in  crystalline  As2Se^.  In  crystalline 
As2Te3  (Figure  24),  As  atoms  have  a six-fold  or  three-fold 

coordination,  and  Te  atoms  have  a three-fold  or  two-fold 

8 

coordination  depending  on  their  atomic  position.  Thus,  the 
average  coordination  number  of  crystalline  As2Te^  is  much 
larger  than  2.4  obtained  for  amorphous  As2Te~.  The  average 

O 

As-Te  atomic  distance  is  about  2.8A,  which  is  also  larger 
than  the  interatomic  distance  indicated  by  the  first  rdf  peak 
of  amorphous  A^Te^*  So,  the  short-range  order  of  crystalline 
As2Te2  is  not  the  same  as  that  of  amorphous  As2Te3-  There  is 
also  no  clear  indication  of  a layer  structure  in  crystalline 
As2Tej. 

Crystalline  Structure  of  Se , Te , and  As 

Crystalline  structure  of  elemental  Se,Te,  and  As  is 
reviewed  here  from  the  configurational  point  of  view  in  seek- 
ing the  possibility  of  forming  a glass  by  these  elements. 
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Figure  23.  Crystal  structure  of  As?Se3.  The  top  view 

shows  the  atomic  arrangement  within  the  layers, 
and  the  bottom  view  shows  the  inter-layer 
configuration. 


As2Te3 


o 

Te 


O 

As 


Figure  24.  Plane  view  of  the  As-iTe?  crystal  structure. 

This  structure  has  two  distinct  As  configurations 
and  three  distinct  Te  configurations. 
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Crystalline  selenium 

There  are  three  crystalline  phases  of  selenium,  a-,  8- 
monoclinic  selenium,  and  hexagonal  selenium.  Their  struc- 
tures are  shown  in  Figures  25  and  26.  a-  and  8-monoclinic 


selenium  have  8-atom  closed  rings 
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In  the  unit  cell  of  the 


two  phases  there  are  four  molecules.  The  monoclinic  a- 
modification  of  selenium  is  different  from  the  8-form  in  the 
packing  of  molecules  as  is  seen  from  the  parameter  of  the  unit 
cell  (Figure  25a  and  b)  . The  shortest  interatomic  distance  in 

. O 

the  ring  of  a-monoclimc  selenium  is  2.32A  and  is  slightly 
shorter  than  that  one  in  the  8-phase  (2.34a).  The  average 
bond  angle  in  a-  and  8-monoclinic  phases  of  selenium  are  the 
same  (105.5°).  Both  a-  and  8-monoclinic  phases  of  selenium 
may  be  converted  into  polycrystalline  hexagonal  selenium  by 
nucleation  and  growth  of  hexagonal  selenium  within  the  mono- 
clinic matrix.  The  hexagonal  selenium  structure  is  shown  in 
Figure  26.  It  consists  of  atomic  chains  displaced  in  a zig- 
zag fashion  in  the  direction  [0001]  . The  shortest  interatomic 
distances  within  chains,  and  between  the  chains,  of  hexagonal 

O O 

selenium  are  2.37A  and  3.436A. 


Crystalline  tellurium 

Tellurium  crystallizes  into  a hexagonal  structure  which 
is  very  similar  to  hexagonal  selenium.  The  shortest  bond 
length  in  the  chain  and  between  the  chains  are  2.835A  and 

O 

3.49A.  Note  that  the  interatomic  distances  are  larger  than 
the  purely  covalent  bond  length  of  Te-Te  from  Pauling. 
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Figure  25.  Monoclinic  structure  of  (a)  a-selenium, 
(b)  8-selenium. 
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Figure  26.  Hexagonal  selenium  structure. 


Figure  27. 


Crystal  structure  of  arsenic. 
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Crystalline  arsenic 

Crystalline  arsenic  has  a hexagonal  structure  as  shown 
in  Figure  27.  It  has  a layer  structure  in  which  each  atom  of 
a layer  lies  in  one  of  two  parallel  planes  and  is  linked  by 

three  pyramidal  bonds  to  its  nearest  neighbors  in  the  adjacent 

36  • 0 

plane.  The  shortest  interatomic  distance  is  2.51A.  The 

structure  may  be  alternatively  described  as  a face-centered 

rhombohedral  cell. 


Radial  Distribution  Functions 
from  Structural  Models 


37 

Myers  and  Felty  have  proposed  a structural  model  of  the 
As-Se  system  consisting  of  modifications  of  the  two  limiting 
polymer  structures  of  Se  and  As^e^.  The  structural  model 
includes  regions  of  As  branched  Se  chains,  mixtures  of  branched 
chains  and  AsSe^^  linked  networks,  and  aggregates  of  AsSe^? 
linked  networks.  However,  it  is  a very  difficult  process  to 
calculate  the  rdf  of  a model  that  has  so  many  possibilities 
of  combinations  of  structural  elements.  It  will  be  shown  later 
that  the  packing  together  of  the  mixture  of  different  crystal- 
line units  is  unlikely  in  the  thin  film  case.  Therefore,  no 
rdf  has  been  calculated  for  this  kind  of  structure  model  here. 
Since  the  crystals  listed  above  all  tend  to  possess  chains  or 
layers  of  atoms,  this  indicates  a great  possibility  for  form- 
ing continuous  glassy  structures  in  the  arsenic  chalcogenides . 
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As7Seg  Microcrystallite  Arrays 

It  has  been  shown  above  that  amorphous  As^Se,  thin  films 
may  have  a similar  short-range  order  to  that  of  crystalline 
As^Se^.  The  agreement  in  local  order  may  be  shown  by  compari- 
son with  the  calculated  rdf  obtained  from  microcrystallite 
arrays  of  As2Se_.  The  calculated  interference  function  of 
this  model  will  also  be  examined. 

In  the  calculation  procedure  indicated  in  Chapter  II, 
the  single  crystallite  was  assumed  to  have  either  a spherical 
shape  or  to  consist  simply  of  an  aggregate  of  cubic  units. 

In  the  former  case,  a sphere  of  certain  size  was  drawn  around 
a chosen  center  atom  in  the  crystallite.  Inside  the  sphere, 
the  interatomic  distances  from  this  center  atom  to  any  other 
atoms  were  measured,  and  the  equivalent  distances  were  summed. 
The  same  process  was  carried  out  in  taking  another  atom  as 
the  center  and  should  be  repeated  as  many  times  as  the  number 
of  atoms  in  one  unit  cell  of  the  crystallite.  Then,  the 
summed  distances  and  numbers  of  equivalent  distances  were 
averaged  over  the  number  of  atoms  of  one  unit  cell.  The 
resulting  number  and  length  of  each  bond  were  substituted 
into  Eq.  (7)  for  calculating  the  interference  function.  In 
the  case  of  an  aggregate  of  unit  cells,  the  measurement  of 
the  interatomic  distances  was  carried  out  over  the  whole  block 
crystallite  and  averaged  over  one  cell.  The  interference 
functions  obtained  from  these  two  cases  were  a little  differ- 
ent but  the  rdfs  were  not  affected  unless  they  got  to  the 
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region  of  the  edge  of  the  crystallite.  The  interference  func- 
tio'nsfor  arrays  of  microcrystallites  of  15  and  30A  in  diameter 
are  shown  in  curves  c and  d in  Figure  28.  The  corresponding 
rdf  of  the  arrays  of  15A  microcrystallites  is  shown  in  Figure 
29  along  with  the  rdf  of  amorphous  As?Se_.  Obviously,  amor- 
phous and  crystalline  As2Se3  have  only  local  atomic  order  in 
agreement.  The  higher  atomic  order  present  in  crystalline 
As2^e3  is  absent  in  the  amorphous  film  and  fewer  peaks  can  be 
detected. 

Layer  Model  of  As  Se 

2 3 

After  a series  of  studies,  Vaipolin  and  Porai - Koshits 7 
proposed  a layer  model  for  amorphous  As2Se3  having  great 
similarity  to  the  crystalline  state.  They  obtained  very 
similar  x-ray  diffraction  curves  from  glassy  and  polycrystal- 
line As2Se3  and  As2Te„,  and  interpreted  the  first  scattering 

0.1 

peak  at  about  0.2A  to  be  due  to  the  interference  between 

O 

layers  (d  ^ 5A) , Actually,  in  the  calculated  interference 
function  of  As2Se3  microcrystallite  arrays,  an  indefinite 
peak  could  be  found  at  about  0.2A  ^ (see  curves  c and  d in 
Figure  28).  Thus,  it  is  worthwhile  to  examine  the  calculated 
si (s)  curve  for  an  As2Se-  structural  model  which  does  not  have 
a layer  structure.  This  was  done  by  assuming  that  each  micro- 
crystallite of  the  model  had  a flat  shape  which  was  similar 
to  a piece  of  one  layer  atomic  arrangement  of  crystalline 

As2Se3'  The  obtained  si(s)  curve  for  this  12^  x 4A  plate 
model  is  shown  in  Figure  28b.  The  peak  at  about  0.2A"1 


s i(s) 
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Figure  28.  Comparison  between  si(s)  curves.  (a)  normalized 
intensity  curve  for  an  amorphous  As2Se3  film, 

(b)  calculated  for  an  array  of  randomly  oriented 
half  unit  cells  of  crystalline  AsgSej,  (c  and  d) 
calculated  for  randomly  oriented  AsgSej  crystal- 
lites of  15  and  3C)A  diameters. 
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Figure  29.  Comparison  between  the  rdf  of  amorphous  As^Se^ 
(broken  line)  and  microcrystalline  array  of 
Figure  28c. 
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disappeared  in  this  one-layer  model.  This  result  may  indicate 
that  this  peak  is  due  to  the  presence  of  layer  configuration. 
However,  the  internarticle  interference  contribution  has  been 
neglected  during  the  calculation  which  might  affect  the  small 
angle  region  concerned  here.  No  conclusion  should  be  drawn 
here  in  considering  the  layer  structure  in  amorphous  As2§e ^ 
films . 

As_Te-,  Microcrystallite 

Three  different  sized  crystallite  arrays  of  As^Te^,  which 
are  12.2,  22,  and  30X  in  diameter,  have  been  used  to  calculate 
the  interference  function  and  rdfs . These  are  shown  in  Fig- 
ures 30  and  31,  respectively,  along  with  their  counterparts 
for  amorphous  As2Te2»  It  can  be  seen  that  the  interference 
functions  and  rdfs  for  the  microcrystalline  model  and  experi- 
mental amorphous  As2Te_  films  are  less  in  agreement  than  in 
the  case  of  As2Se2. 

First  Near  Neighbor  Bonding  -- 
kandom  or  Ordered 

Two  particular  structural  models  may  now  be  considered, 
one  in  which  like  atoms  avoid  each  other,  i.e.,  one  in  which 
compositional  ordering  occurs,  and  a second  model  in  which 
bonds  of  different  types  occur  randomly.  Table  V shows  the 
relative  numbers  of  different  types  of  nearest  neighbor  bonds 
according  to  each  model.  Lack  of  entry  in  this  table 
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Figure  30.  Comparison  between  si(s)  curves.  (a)  normalized 
intensity  curve  for  an  amorphous  As2Te3  film, 

(b  , c,  and  d)  calculated  for  an  array  of  randomly 
oriented  As2Te3  crystallites  of  sizes  12.2,  22, 
and  30A  in  diameter. 


4 rr r^p{  r) 
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Comparison  between  the  rdf  of  amorphous  As-^Te^ 
(broken  line)  and  the  rdf  calculated  for  the 
microcrystalline  array  of  Figure  30b. 


Figure  31. 


63 


indicates  a zero.  The  two  other  compositions  of  A?B^  type 
are  also  listed. 

The  relative  areas  of  contributions  to  peaks  in  the  rdf, 

i.e.,  f j (0) f (0) /F" (0) , are  tabulated  in  Table  VI  for  every 

type  of  bond.  It  is  assumed  that  the  atomic  coordinations 

of  As  and  Se  or  Te  are  3 and  2,  respectively.  The  electron 

scattering  factors  at  zero  angle  are  f.  (0)  = 7.5,  f„  (0)  = 

As  Se 

7.6,  and  fT  (0)  = 10.0. 

Using  Tables  V and  VI  and  the  interatomic  distances 
listed  in  the  last  chapter,  it  is  possible  to  calculate  the 
shape  of  the  first  peak  in  the  rdf  according  to  the  two  models. 
The  results  are  shown  in  Figures  32  and  33.  Thermal  vibra- 
tional amplitudes  have  been  taken  to  be  independent  of  type 
of  atom.  Figures  32  and  33  show  the  systematic  shift  in  mean 
peak  position,  in  good  agreement  with  experiment.  The  results 
so  far,  however,  indicate  that  very  little  difference  between 
the  two  models  could  be  detected. 
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Table  V 

Fraction  of  Nearest  Neighbor  Bonds 
in  As2Chalcogenide2  Glasses 


Bond 

As7Se  _ 

2 j> 

As2Se0Te 

As2SeTe2 

As2Te^ 

As  - As 

0.600 

0.600 

0.600 

0.600 

As-Se 

1.200  2.400 

0.792  1.608 

0.408  0.792 

Se  - Se 

0.600 

0.264 

0.072 

Se  -Te 

0.264 

0.264 

As  -Te 

0.408  0.792 

0.792  1.608 

1.200  2.400 

Te-Te 

0.072 

0.264 

0.600  ' 

NOTE:  In  each  glass,  figures  to  left. of  column  are  for 

random  bonding,  figures  to  right  of  column  are  for 
ordered  bonding. 


Table  VI 

Peak  Area  Weighting  Factors  in 
As2Chalcogen2  Glasses 


Film 
Pe  ak 

As2Se3 

As7Se?Te 

As7SeTe2 

As9Tej 

As  - As 

0.98 

0.87 

0.  77 

0.70 

As  - Se 

1.00 

0.88 

0.78 

Se  -Se 

1.01 

0.90 

0.80 

Se  -Te 

1.18 

1.04 

As-Te 

1.16 

1.03 

0.93 

Te-Te 


1.54 


T.  38 


1.23 
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Figure  32.  Calculated  shape  of  the  first  peak  in  the  rdf 
for  a randomly  bonded  model.  Curves  a to  d 
correspond  to  the  compositions  As2Se3, 
As2Se2Te,  As2SeTe2,  and  As2Te2>  respectively. 
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Calculated  shape  of  the  first  peak  in  the  rdf 
for  a compositionally  ordered  model.  Curves 
a to  d correspond  to  the  compositions  As2Se 3, 
As2Se9Te,  As2SeTe2>  and  As^Te^,  respectively.' 


Figure  33. 


CHAPTER  VI 


THERMALLY  INDUCED  STRUCTURE  CHANGES 

It  has  been  generally  accepted  that  the  switching  phe- 
nomenon observed  in  amorphous  chalcogenides  is  associated 
with  either  an  electronically  or  thermally  induced  nhase 
change  or  phase  separation  within  the  material.  The  key  to 
understanding  switching  in  these  chalcogenide  glasses  lies 
in  investigating  the  changes  in  local  order  and  bond  type 
upon  crystallization.  As2Scj  and  As2Te2  glasses  represent 
two  different  classes  of  materials.  Since  the  structure  of 
glassy  films  in  general  may  differ  from  that  of  the  bulk 
glasses,  it  is  particularly  worthwhile  to  examine  the  crys- 
tallization of  these  films  as  being  more  representative  of 
the  change  in  actual  devices.  Only  thermal  changes  have  been 
examined  in  this  work. 

Phase  Diagrams 

Few  phase  .diagrams  of  the  As-Se  and  As-Te  systems  are 
available  in  the  literature.  The  As-Se  phase  diagram  from 
Dembovskii  and  Luzhnaya  quoted  here  (Figure  34)  shows  as 
uncertain  the  eutectic  points  of  As^Se^  and  As2Se2,  and 
As2Se2  and  Se . These  points  have  different  values  in  Myers 
and  Felty's  diagram.  Some  discrepancies  also  exist  between 
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Figure  34.  As-Se  phase  diagram. 
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the  various  determinations  of  the  eutectic  points  and  the 

melting  temperature  of  compound  .A^Te-.  The  As-Te  phase 

39 

diagram  from  Eifert  and  Peretti  agrees  very  well  with  the 
one  from  Cornet  and  Rossier^  and  is  shown  in  Figure  35. 
Selenium  and  tellurium  form  complete  solid  solutions  through- 
out all  the  comnositional  ranges  as  shown  in  the  Se-Te  phase 
diagram  in  Figure  36  (taken  from  Hansen  . 

The  phase  diagrams  shoxv  stable  crystalline  phases  at 
the  stoichiometric  compositions  As^Se^,  As'Se,  and  As2Te~. 

One  may  predict  that  these  stoichiometric  glass  compounds 
will  transform  to  the  corresponding  crystalline  phases  upon 
heat  treatment,  and  that  the  non-stoichiometric  glass  com- 
pounds will  separate  into  one  of  those  stoichiometric  crys- 
talline phases  and  the  eutectic  compound.  However,  a meta- 
stable miscibility  gap  may  exist  as  concluded  by  Berkes  et  al . 
in  the  region  of  40  at. I As  in  the  As-Se  system. ^ Theoret- 
ically, the  miscibility  gap  may  be  responsible  for  either 
primary  heterogeneous  or  spinodal  decomposition  above  the 
glass  transition  temperature.  No  miscibility  gap  has  been 
reported  in  the  As-Te  system. 

Structure  Changes  in  Thin 
Chalcogenide  Glassy  Films 

The  glassy  films  supported  on  fine  metal  screen  were 
heated  in  vacuum  using  the  heating  stage  of  a Philips  EM200. 
This  heating  stage  can  be  used  interchangeably  in  the  scanning 
electron  diffractometer  and  TEM.  Typically,  heating  was 
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Figure  35.  As-Te  phase  diagram. 
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Figure  36.  Se-Te  phase  diagram. 
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carried  out  in  the  scanning  electron  diffractometer  and 
intensity  profiles  were  recorded.  The  stage  was  then  allowed 
to  cool  and  was  transferred  to  the  TEM  without  disturbing  the 
specimen.  However,  it  was  necessary  to  expose  the  specimen 
to  air. 

Effect  of  Metallic  Surface  Layers 

A remarkable  variation  of  the  diffraction  profile  of  one 
As2Se2Te  film  with  temperature  was  observed  early  in  one 
experiment.  Shown  in  Figure  37  is  a series  of  diffraction 
profiles  of  the  heated  specimen  corresponding  to  the  temper- 
atures 20,  45,  61,  74,  94,  104,  113,  123,  and  151°C,  respec- 
tively. As  the  temperature  went  up,  the  first  characteristic 
peak  disappeared  and  sharp  crystalline  peaks  appeared  gradu- 
ally. A structure  change  occurred  before  crystallization  of 
the  glassy  film.  The  crystalline  pattern  was  found  to  be 
that  of  a copper  chalcogenide . A selenium  film  supported  on 
copper  mesh  after  heating  was  identified  as  Cu?  Se.^3 
Morikawa  did  the  similar  experiment  and  found  that  Ch^Se 
and  CuSe  had  grown  from  the  point  of  contact  of  the  Se  film 
and  the  copper  grid.  A glassy  As 2Se ^ film  supported  on 
copper  grids  after  heating  changed  its  short-range  order 
(Figure  38).  The  nearest  neighbor  distance  is  close  to  that 
expected  for  Cu-As , Cu-Se,  and  Cu-Cu  bonds.  We  may  conclude 
that  copper  had  reacted  with  the  chalcogens  to  form  the 
alloys . 
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Figure  37.  Diffraction  profiles  from  As2Se?Te  film  after 
heating  to  various  temperatures “on  copper 
support  mesh.  Curves  a to  j correspond  to 
temperatures  of  20,  45,  61,  74,  94,  104,  109, 
113,  123,  and  151°C. 
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Figure  38. 


Comparison  between  the  rdf  of  amorphous  As2Se3 
(broken  line)  and  crystallized  As2Se3  supported 
on  copper  mesh. 
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An  electron  micrograph  of  a crystallized  As?Se2Te  film 
on  copper  mesh  is  shown  in  Figure  39a.  The  dark  areas 
around  three  comers  of  this  photograph  are  the  shadow  of 
the  copper  mesh.  The  "match  head"  image  is  the  beam  stop 
in  the  transmission  electron  microscope.  Crystallites  are 
uniformly  distributed  in  the  film,  and  no  sign  could  be  found 
in  the  film  which  may  indicate  that  crystallization  was  initi 
ated  at  the  edge  of  the  copper  mesh.  However,  one  segment 
of  this  film  which  did  not  make  good  contact  with  the  mesh 
shows  less  crystallites  in  the  film  (Figure  39b).  This  indi- 
cates that  crystallization  of  the  As2Se2Te  film  is  certainly 
related  to  contact  with  the  copper  mesh,  but  no  growth  gradi- 
ents could  be  found. 

In  another  experiment  refractory  molybdenum  screen  was 
used  to  support  the  film.  In  Figure  40,  curve  a is  the  dif- 
fraction profile  of  amorphous  As2Se2Te  in  the  as-deposited 
state.  After  deposition  of  a thin  layer  of  copper  in  vacuum 
onto  the  film,  the  amorphous  film  intensity  curve  changed. 

In  curve  b the  sharp  peaks  were  found  to  be  copper  peaks  and 
nrobably  no  reaction  between  copper  and  chalcogenide  film 
occurred  at  this  point.  After  leaving  the  film  in  the  scan- 
ning electron  diffractometer  for  three  days,  the  copper  was 

found  to  have  diffused  into  the  film.  This  is  shown  in 
« 

curve  c,  which  corresponds  to  curve  h in  Figure  37.  Further 
heating  crystallized  the  film  as  shown  in  curves  d and  e. 

In  later  TEM  examination  it  was  clear  that  diffusion  of 
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(a)  Micrograph  of  crystallized  As^Se-Te  film  supported 
on  cooper  mesh. 


(b)  An  example  of  poor  contact  between  film  and  copper 
mesh . 


Figure  39. 
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Figure  40.  Film  of  As2Se2Te  heated  on  a mesh  of  copper  that 
had  been  given  a thin  coating  of  molybdenum. 
Curve  a - as  prepared;  curve  b - after  deposi- 
tion of  a thin  layer  of  Cu  onto  the  film;  curve 
c - after  electron  microscopic  examination  of 
the  film;  curves  d and  e - after  heating. 
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copper  into  the  glassy  film  had  taken  'place.  However,  a 
direct  crystallographic  relationship  between  copper  deposit, 
mesh  or  film  crystallization  could  not  be  found. 

The  experiment  was  repeated  once  more  using  molybdenum 
mesh  as  before.  Figure  41  shows  the  result.  Curve  a is  the 
intensity  orofile  of  an  as-deposited  film;  curve  b shows  the 
result  of  depositing  a very  thin  layer  of  copper  inside  the 
diffraction  system.  The  curves  d,  e,  and  f were  recorded 
at  higher  gain  and  are  from  a carbon  film  placed  in  the 
system  so  that  the  profile  of  the  copper  deposit  could  be 
monitored.  Curve  d is  the  intensity  profile  of  a very  thin 
carbon  layer,  curve  e was  obtained  after  the  copper  deposi- 
tion, and  f after  heating.  The  intensity  profile  has 
sharoened  somewhat  and  has  decreased  in  intensity  due  to 
some  break-up  of  the  film.  Evidently,  curve  b simply  shows 
the  intensity  contribution  from  the  glassy  film  with  the 
copper  peaks  superimposed.  Heating  to  220°C  was  necessary 
this  time  to  bring  about  crystallization.  The  copper  peaks 
have  now  disappeared  and  the  copper  has  diffused  into  or 
over  the  film  as  before. 

Though  the  diffraction  profiles  of  this  film  changed  as 
soon  as  copper  was  deposited  onto  the  film,  no  changes  could 
be  observed  in  transmission  electron  micrographs.  Figures 
42a  and  b show  the  electron  micrographs  of  amorphous 
As2Se2Te  film  and  a thin  carbon  film  corresponding  to  curves 
b and  f in  Figure  41.  A layer  of  copper  has  been  deposited 
on  these  films  which  can  be  seen  as  the  small  isolated 
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Figure  41.  Film  of  As2Se2Te  heated  on  a molybdenum  mesh. 

Curve  a - as  prepared;  curve  b - after  deposi- 
tion of  a very  thin  layer  of  Cu;  curve  d is 
from  a carbon  monitor  film;  curves  e and  f 
show  the  carbon  film  after  deposition  of  copper 
and  heat  treatment. 
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(a) 


Figure  42. 


Micrographs  of  (a)  As2Se2Te  film  with  a thin 
layer  of  deposited  Cu , and  (b)  carbon  film 
with  the  same  amount  of  deposited  Cu. 
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particles  in  Figure  42b  but  it  cannot  be  seen  in  Figure 
42  a. 

Figures  43  and  44  show  the  electron  micrographs  and 
diffraction  patterns  of  a crystallized  As9Se2Te  film  on 
copper  mesh  which  were  obtained  by  different  heating  rates. 
In  Figure  43  large  crystals  formed  after  slow  heating  of  the 
film  (3°C/min).  The  size  of  the  crystal  was  larger  than  the 
beam  size  and  the  diffraction  pattern  looks  like  a single 
crystal's  pattern.  In  the  case  of  fast  heating,  less  time 
was  given  to  the  growth  of  the  crystal  (14°C/min) , and  a 
nolycrystalline  film  resulted. 

The  case  of  a noble  metal  contact  producing  crystalli- 
zation  or  alloying  is  not  rare.  ’ Amorphous  arsenic 
chalcogenide  films  appear  to  react  very  readily  with  copper 
via  a diffusion  mechanism  to  produce  a glassy  structural 
change  at  temperatures  only  slightly  above  room  temperature. 
The  films  then  crystallize  at  a somewhat  lower  temnerature 
than  untreated  films. 

Aluminum  has  been  deposited  onto  a film  on  copper  mesh 
thickly  coated  with  molybdenum.  Curve  a of  Figure  45  shows 
the  as-Drepared  glassy  As2Se2Te  film.  Curve  b shows  the 
result  of  adding  a very  thin  deposit  of  aluminum.  The  curve 
is  now  a coirroosite  of  the  diffuse  scattering  from  the  glass 
and  sharp  diffraction  peaks  from  the  aluminum.  Curve  c 
shows  the  result  of  heating  to  210°C.  In  this  case,  the 
aluminum  peaks  are  still  clearly  visible  and  little  inter- 
action between  the  aluminum  and  the  film  was  observed. 
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Figure  44.  Film  of  As2Se9Te  supported  on  copper  mesh  and 
crystallized  by  rapid  heating  (14°C/min) . 

(a)  micrograph,  (b)  electron  diffraction  pattern. 
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Figure  45.  Film  of  As2Se2Te  heated  on  a copper  mesh  thickly 
coated  with  molybdenum.  Curve  a - as  prepared; 
curve  b - after  deposition  of  a thin  A1  film; 
curve  c shows  result  of  heating  to  210°C. 
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Figure  46. 


Micrograoh  of  As2Se2Te 
layer  of  deposited  A1 , 


film  with  a thin 
heated  to  135°C. 
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An  electron  micrograph  of  the  film  is  shown  in  Figure  46. 

Therefore,  molybdenum  and  aluminum  in  contact  with  the 
chalcogenide  glass  appear  to  have  little  effect  and  are 
satisfactory  for  use  in  heating  experiments. 

As-Se  Films 

In  this  work  amorphous  As 2$e ^ films  were  not  found  to 
crystallize  except  when  supported  by  copper  screen.  This 
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difficulty  has  been  observed  in  almost  any  Se-rich  glass  ’ ’ 

49 

and  in  thin  films.  ' Possibly,  memory  switching  in  As2Sej 
glass  is  not  primarily  thermally  induced.  In  alternative 
ways,  As^Se^  may  undergo  phase  separation  when  subjected  to 
an  electric  field.  Thornburg  and  White^  have  discovered  an 
electric  field  enhanced  phase  separation  mechanism  in  amor- 
phous A^Se,;  (see  also  Thornburgh).  This  includes  the 
formation  of  an  array  of  precipitated  As  particles  by  spinodal 
decomposition  and  subsequent  alignment  of  those  particles  into 
a continuous  filament  oriented  along  the  field  direction. 
Substantial  joule  heating  occurred  after  filament  formation. 

This  phase  separation  was  discovered  early  in  photodecomposi- 
tion of  amorphous  As2Se3,42  and  may  be  described  by  the 
reaction: 


As-Te  Films 

In  a survey  of  previous  work,  it  is  noted  that  the 
crystallization  of  As-Te  glasses  may  occur  in  several  stages. 


hv 


->  xAs  + As0  Se, 
2 -x  3 


Bosnell  and  Savage 
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observed  three  crystallization  temperatures 
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in  the  differential  thermal  analysis  of  an  As?gTeg0  glass. 

5 3 

Cornet  and  Rossier  discovered  two  crystallization  tempera- 
tures in  most  As-Te  glasses.  They  observed  an  intermediate 
crystalline  phase  embedded  in  an  amorphous  matrix  of  AsTe 
in  the  first  stage. 

In  the  present  work,  thin  As-Te  glassy  films  could  be 
crystallized  thermally  without  requiring  the  influence  of  a 
metallic  substrate.  An  AsTe  glassy  film  was  crystallized 
into  an  unknown  crystalline  phase  within  an  amorphous  matrix 
at  moderate  temperatures  (Figure  18).  The  heat  treatment  of 
an  As2Te3  glassy  film  by  the  hot  stage  resulted  in  another 
crystalline  phase  mixed  with  the  amorphous  phase  at  185°C 
(Figure  47a).  The  mixture  of  crystalline  and  amorphous 
phases  later  transformed  to  monoclinic  As2Te3  at  243°C 
(Figure  47b).  The  crystallization  temperature  may  differ 
from  the  other  observations  in  question,  due  to  the  thin 
film  geometry  and  to  the  difficulty  of  achieving  truly 
thermal  equilibrium.  In  transmission  electron  micrographic 
analysis,  neither  alloy  displayed  direct  evidence  for  fine 
scale  compositional  fluctuations  (or  spinodal  decomposition). 
There  were  some  electron  intensity  fluctuations  observed 
during  heating..  This  phenomenon  might  be  associated  with 
the  solid-fluid  transition  observed  by  Bagley  and  Northover49 
in  amorphous  As-Se-Te  films. 

The  question  now  arises,  what  is  the  mechanism  of  crys- 
tallization of  As-Te  glasses?  It  is  unlikely  to  be  phase 
separation,  as  indicated  by  the  lack  of  evidence  in  electron 
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Figure  47. 


Diffracted  electron  intensity  profiles  from 
As?Te3  film.  (a)  partially  crystallized, 

(b)  crystallized. 
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micrographs  and  as  suggested  on  theoretical  grounds  (no 
miscibility  gap  in  the  phase  diagram).  The  nucleation  is 
probably  homogeneous  in  nature  since  crystallites  were  uni- 
formly distributed  in  the  film,  but  the  possibility  of  sur- 
face nucleation  in  the  thin  film  may  not  be  omitted.  Indeed, 
Moss  and  deNeufville^  detected  substantial  amounts  of  Te 
crystallites  on  the  surface  of  an  annealed  amorphous  GeTe 
film  while  x-ray  diffraction  failed  to  reveal  that  any  crys- 
tallites existed.  It  seems  that  an  intermediate  phase  crys- 
tallizes first  out  of  the  amorphous  matrix  in  the  two-st.age 
crystallization  process  of  As-Te  glasses.  The  two  inter- 
mediate phases  of  AsTe  and  As  £ T e ^ do  riot  show  any  correlation 
to  each  other.  They  could  not  be  identified  with  any  reported 
crystalline  phase  or  mixture  of  crystalline  phases.  It  should 
be  noted  that  there  is  only  one  intermediate  crystalline 
As^Te^  phase  in  As-Te  phase  diagrams.  This  work  is  rather 
incomplete  and  more  investigation  needs  to  be  done  generally 
on  the  equilibrium  phase  diagrams  and  crystallization  pro- 


cesses. 


CHAPTER  VII 


DISCUSSION 

Diffraction  patterns  from  glassy  materials  are  usually 
very  diffuse,  and  Fourier  transform  analysis  of  the  pattern 
is  required  to  provide  information  on  the  local  atomic  order. 
The  information  obtained  in  this  way  is  too  limited  to  allow 
complete  resolution  of  structure.  It  is  necessary  to  con- 
struct structural  models  and  to  compare  their  diffraction 
profiles  and  rdf  curves  with  the  experimental  ones.  Several 
classes  of  models  exist:  for  example,  a random  network  model, 

random  network  with  chemical  ordering  of  atoms,  and  micro- 
crystallite models.  The  microcrystallite  model  is  usually 
taken  to  be  an  array  of  microcrystallites  having  structures 
of  known  phases. 

In  this  work  structural  models  for  As2Se3  and  As2Te., 
glasses  were  compared  with  experimental  results  in  Chapter  V. 
It  was  found  that  the  microcrystallite  model  was  not  a good 
model  for  the  glassy  films.  Reasonable  agreement  was 
obtained  with  network  models  although  little  difference 
could  be  dis t' inguished  between  the  random  and  chemical  order- 
ing models. 
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Glassy  As-Se  Films 

The  short-range  order  calculated  from  the  random  network 
and  the  microcrystallite  models  along  with  the  experimental 
results  of  the  As-Se  glassy  films  are  summarized  in  terms  of 
mean  nearest  neighbor  coordination  number  in  Table  VII  and 
Figure  48(a),  and  mean  interatomic  distance  in  Table  VIII 
and  Figure  48(b).  It  should  be  noted  that  the  weighting 
factor  f^sfge/F  is  close  to  unity  in  the  As-Se  system  so 
that  the  measured  area  of  the  first  rdf  peak  gives  a direct 
measure  of  coordination  number.  The  microcrystallite  models 
of  AsSe  and  AsSe^  are  assumed  to  be  a mixture  of  micro- 
crystallites of  As  and  As 2SQ ^ , and  As ?Se ^ and  Se , respec- 
tively. 

Despite  their  structural  differences,  the  random  network 
and  the  microcrystalline  models  of  As-Se  glasses  have  very 
similar  short-range  orders.  However,  the  obtained  coordina- 
tion number  2.5  for  AsSe  and  2.25  for  AsSe^  from  these  models 
are  8 to  11%  higher  than  the  experimental  coordination  numbers 
2.28  and  2.00  in  the  case  of  AsSe  and  AsSe-  glassy  films. 

This  difference  in  coordination  number  may  be  due  to  inaccu- 
racy in  the  density  value  chosen  for  the  glassy  film  in  com- 
puting the  rdf.  The  density  of  the  film  glasses  has  been 
taken  to  be  the  same  as  that  of  bulk  although  film  density 
is  usually  thought  to  be  slightly  less  than  that  of  the  bulk 
glass.  The  question  now  arises,  that  if  the  smaller  coordi- 
nation number  of  the  glassy  film  should  be  due  to  error  in 
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Table  VII 

Mean  Coordination  Numbers  of  the 
As-Se  Glassy  Films 


Specimen 

As  Se 

As2Se3 

AsSe^ 

Experimental 

2.28 

2.4 

2.00 

Random  network 

2.5 

2.4 

2.25 

Micro crystallite 

2.5 

2 . 5 

2.25 

Table  VIII 

Mean  Interatomic  Distances  of  the 
As-Se  Glassy  Films,  A 


Specimen 

AsSe 

As  2Se3 

As  Se  j 

Experimental 

2.40 

2.42 

2.38 

Random  network 

2 . 412 

2.405 

2. 39 

Mi crocry stalli te 

2.423 

2.42 

2.409 
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As  Se 


Figure  48.  Comparison  between  (a)  mean  coordination  numbers, 
(b)  mean  interatomic  distances  obtained  from 
experimental  results  (o) , random  network  model 
( — ),  and  microcrystalline  model  (--)  of  As-Se 
glasses.  Note  random  network  and  microcrystal - 
line  models 'have  identical  mean  coordination 
numbers . 
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the  film  density,  then  it  is  imnlied  that  the  density  of  the 
AsSe  or  AsSe,.  film  should  be  higher  than  that  of  the  iso- 
comnositional  bulk  glass  which  is  unlikely.  In  addition  to 
the  density  problem  present  in  the  As - Se  glassy  films,  some 
Se  seemed  to  evaporate  when  the  film  was  subjected  to  high 
energy  electrons  in  the  diffractometer  or  to  high  energy  ions 
in  a Van  de  Graaff  accelerator.  It  should  be  noted  that  the 
loss  of  Se  would  lead  to  an  increase  in  the  mean  coordination 
number  of  the  film.  However,  the  experimental  coordination 
number  is  lower  than  expected  in  the  two  films. 

As  shown  in  Table  VIII  and  Figure  48(b),  the  nearest 

neighbor  distance  from  experimental  results  is  very  close 

to  the  results  of  the  two  models.  A linear  variation  of  the 

mean  coordination  number  with  composition  can  be  seen  in 

11  1 

Figure  48(b).  It  agrees  with  previous  results.  ’ In  this 
work,  a better  agreement  in  mean  interatomic  distance  has 
been  found  between  the  experimental  results  and  the  random 
network  using  the  atomic  radii  of  As  and  Se  in  As^  and  hexag- 

O 

onal  Se , 1.22  and  1.18A,  respectively.  The  mean  interatomic 
distances  of  the  AsSe , As2Se2>  and  AsSe^  obtained  from  Pauling's 
covalent  bond  are  2.387,  2.38,  and  2.367A,  which  are  less  than 
the  experimental  values.  The  retention  of  the  interatomic 
distance  of  the  chain-like  hexagonal  Se  instead  of  the 

ring-like  Se  suggests  the  As-Se  glassy  films  very  likely  have 
chains  within  a network  structure. 

The  second,  third,  and  other  peaks  of  the  rdf  of  amor- 
phous As-Se-Te  films  overlap  and  in  mose  cases  it  is  difficult 
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to  determine  even  their  mean  locations'.  Therefore,  the  pos- 
sible interatomic  distances  under  the  second  peak  have  to  be 
estimated  by  calculation.  This  calculation  is  straight- 
forward in  the  case  of  like  atoms.  It  was  assumed  that  the 
bond  angles  of  As-As-As,  Se-Se-Se,  and  Te-Te-Te  are  94,  104.5 
and  102°,  respectively  (see  Table  2 in  Ref.  9),  and  that  the 
bonds  were  covalent.  In  the  case  of  bond  angles  between 
unlike  atoms,  for  example,  the  angle  of  As-As-Se  is  assumed 
equal  to  either  the  bond  angle  of  As-As-As  or  the  mean  value 
of  angles  As-As-As  and  Se-Se-Se.  The  results  of  the  calculated 
second  nearest  neighbor  distances  of  the  As-Se  glasses  are 
summarized  in  Table  IX.  These  distances  for  the  As-Se  glasses 
vary  from  3.52  to  3.81A.  They  all  fit  the  second  rdf  peak  and 
it  is  difficult  to  deduce  a specific  bonding  condition  for  the 
fi 1ms . 

Information  which  could  be  used  to  distinguish  between 
different  amorphous  structures  is  the  width  of  the  first  rdf 
peak.  The  broadening  of  the  peak  is  affected  by  the  thermal 
factor  employed  in  the  rdf  calculation.  The  half  width  of 
the  first  rdf  peak  indicates  the  average  atomic  displacement 
from  mean  atomic  position.  The  displacement  consists  of  the 
thermal  displacement  and  a static  displacement.  The  thermal 
displacement  is  due  to  thermal  vibration  of  the  structure. 

The  static  displacement  is  due  to  the  disorder  of  the  atoms. 

In  the  case  of  a compound  consisting  of  two  or  more  types  of 
atoms  of  different  size,  the  distribution  of  the  interatomic 
distance  may  increase  the  average  static  atom  displacement, 
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Table  IX 

Bond  Angle  and  Second  Nearest  Neighbor  Distances 


Interatomic 

Bond  Type 

Bond  Angle 

Distance  , A 

As -As -As 

94° 

3.57 

As -As-Se 

94° 

3.5  5 

99.25° 

3.  70 

As  - Se  - As 

104.5° 

3.  81 

or  Se-As-Se 

99.25° 

3.67 

94° 

3. 52 

Se-Se-As 

104.5° 

3.  79 

99.25° 

3.64 

Se-Se-Se 

104.5° 

3.  75 

As  - As -Te 

94° 

3.  71 

98° 

3.84 

As  - Te - As 

102° 

4.10 

or  Te-As-Te 

98° 

4.00 

94° 

3.  82 

Te -Te - As 

102° 

4.25 

98° 

4.13 

Te- Te-Te 

102° 

4.40 

Nearest  interatomic 

distance : 

As-As,  2.44A:  Se-Se,  2.373A;  As-Se,  2.4065X; 
Te-Te,  2.835A;  As - Te , 2.6375A. 
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which  results  in  further  broadening  of-  the  first  rdf  peak. 
However,  if  the  atoms  are  in  chemical  ordering,  this  leads 
to  only  one  type  of  interatomic  distance  (in  a binary  mate- 
rial) and  a sharper  peak  results.  The  first  rdf  peak  of  the 
amorphous  As2Se2  could  be  fitted  to  the  random  and  ordered 
models  assuming  a thermal  factor  e’0,25s  . Little  difference 
could  be  distinguished  between  the  short-range  order  obtained 
from  the  two  structural  models.  This  is  due  to  the  Se-Se, 
Se-As  and  As -As  bond  lengths  being  very  nearly  equal. 

Though  little  difference  in  the  short-range  order  could 
be  observed  between  the  random  network  and  the  microcrystal- 
line models,  the  microcrystallite  is  very  unlikely  to  be  the 
amorphous  structure  of  the  As-Se  films.  It  has  been  shown 
in  the  comparison  of  the  rdf  between  the  microcrystallite 
model  and  the  experimental  results  that  no  matching  was  found 
beyond  the  local  order. 


Glassy  As-Te  Films 


The  scattering  factors  of  As  and  Te  atoms  are  somewhat 
different.  A correction  procedure  has  to  be  carried  out  on 
the  measured  area  of  the  rdf  peak  to  obtain  the  mean  coordi- 
nation number  of  the  As-Te  glassy  films.  The  coordination 
numbers  obtained  are  shown  in  Table  X.  These  values  and  the 
interatomic  distances  are  compared  with  those  obtained  from 
the  random  and  microcrystalline  models  of  the  As-Te  glasses 
in  Table  XI  and  Figure  49(a)  (mean  coordination  number)  and 
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Table  XI 

Mean  Coordination  Numbers  of  the 
As-Te  Glassy  Films 


Specimen 

AsTe 

As2Te  3 

As  Te  j 

Experimental 

2.542. 

2.537 

2.51 

Random  network 

2.5 

2.4 

2.25 

Microcrys  tal li  te 

3.5 

3.6 

3.0 

Table  XII 

Mean  Interatomic  Distances  of  the 
As-Te  Glassy  Films,  X 


Specimen 

AsTe 

As2Te3 

AsTe  j 

Exoerimental 

2.53 

2.63 

2 . 73 

Random  network 

2.596 

2. 6 36 

2.701 

Microcrys  tallite 

2.  765 

2.83 

2 .833 
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As  at%  Te 


Figure  49.  Comparison  between  (a)  mean  coordination  number, 
(b)  mean  interatomic  distances  obtained  from 
experimental  results  (o)  , random  network  model 
( — ),  and  microcrystalline  model  (--)  of  As-Te 
glasses . 
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in  Table  XII  and  Figure  49(b)  (mean  interatomic  distance). 

The  microcrystalline  model  of  AsTe  and  AsTe^  are  taken  to  be 
a mixture  of  microcrystallites  As  and  As2Tej  or  As2Te^  and 
Te  depending  on  composition. 

The  short-range  order  obtained  from  the  microcrystalline 
model  is  different  from  the  experimental  results  in  the  As-Te 
glasses,  indicating  that  crystalline  As2Te~  has  quite  differ- 
ent short-range  order  than  that  of  amorphous  As^Te,.  On  the 
other  hand,  the  coordination  number  obtained  from  experimental 
results  are  somewhat  higher  than  those  of  the  random  network 
model.  The  differences  are  from  2 to  11%  and  could  be  ex- 
plained by  assuming  film  density  being  lower  than  the  bulk 
value  used  in  the  rdf  computation.  It  may  be  concluded  that 
the  As-Te  glassy  films  have  the  mean  coordination  number 
close  to  2.4.  This  is  in  agreement  with  the  most  recent  data 
on  bulk  As-Te  glasses.  ’ The  coordination  numbers  of  the 

As-Te  glasses  or  films  obtained  a decade  ago  were  somewhat 
4 12 

larger,  ’ although  scattering  factor  corrections  were  not 
then  carried  out.  The  short-range  order  of  As2Te3  glasses 
is  summarized  together  with  As^Se^  glasses  in  Table  XIII. 

The  experimental  results  on  the  interatomic  distance  of 
the  As-Te  glasses  also  agree  with  the  random  network  model. 
Generally,  some  aspects  of  the  short-range  order  change 
with  composition  of  the  As-Te  glasses.  As  the  concentration 
of  larger  Te  atoms  is  increased,  the  mean  interatomic  dis- 
tance increases,  but  the  mean  coordination  number  decreases. 
The  change  in  mean  interatomic  distance  can  be  correlated  to 
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the  shift  of  the  diffraction  peaks  in  the  diffraction  pattern, 

9 

as  has  also  been  shown  in  previous  work.  This  linear  varia- 
tion of  the  structural  parameter  suggests  that  the  As-Te 
glassy  films  may  be  regarded  as  solid  solutions.  Another 
possible  structure  which  may  bring  out  the  linear  variation 
in  coordination  number  behavior  is  an  amorphous  material 
having  separated  phases.  However,  this  possibility  seems 
unlikely  since  electron  microscopy  has  shown  no  phase  separa- 
tion in  these  films. 

The  nearest  neighbor  interatomic  distance  of  the  As-Te 
glassy  films  has  also  been  found  to  be  slightly  larger  than 
the  sum  of  Pauling's  covalent  radii  of  the  constituent  species. 
It  is  close  to  the  elemental  atomic  radii  taken  from  As^  and 
hexagonal  Te , which  have  the  interatomic  distances  1.22  and 
1.417A  for  As-As  and  Te-Te,  respectively. 

The  second  nearest  neighbor  distances  of  the  As-Te  glassy 
films  were  calculated  in  the  same  manner  as  those  in  the  As-Se 
glassy  films  and  have  been  listed  in  Table  IX.  Again,  it  is 
difficult  to  interpret  the  second  rdf  peak. 

The  ordered  network  model  has  been  frequently  mentioned 
in  the  discussion  of  the  structure  of  As2Te3  glasses. 

O 7'7 

Fitzpatrick  and  Maghrabi  adopted  an  AsSe^  linked  network 
as  the  amorphous  structure  of  As2Te.,.  The  As-Te  distance  in 
this  AsTe3/,2  group  was  assumed  to  be  equal  to  the  sum  of  the 
covalent  radii  of  As  and  Te  instead  of  having  the  interatomic 
distance  of  the  crystalline  As2Te3.  Cornet  and  Rossier9  also 
proposed  a network  of  AsTe^  for  the  As2Te3  glass.  It  may 
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be  a possible  model  of  the  glass  made  from  quenching  the 
melt  because  in  this  case  it  may  have  sufficient  time  and 
mobility  for  relaxation  to  occur.  However,  in  light  of  the 
theory  of  vapor  deposition,  this  possibility  seems  smaller 
in  the  thin  glassy  film.  The  studies  on  vaporization  of 
As-Te-I  glasses^  showed  the  vapor  species  were  As*  and  As^. 
The  vapor  species  present  during  the  vaporization  of  As2Te~^(rj 
were  As+,  As^ , As 3*  AsJ,  Te+  and  Te^ ; no  AsTe+  or  other 
arsenic  tellurium  species  were  observed.  As  a result,  a 
random  solid  solution  of  the  constituent  atoms  might  well 
occur  in  films  formed  by  vapor  deposition. 

The  chemically  ordered  bonding  model  may  be  further 
shown  as  an  unlikely  structural  model  of  the  As-Te  glassy 
films  from  an  analysis  of  the  half  width  of  the  first  rdf 
peak.  This  kind  of  analysis  has  not  been  fruitful  in  the 
case  of  As-Se  glassy  films,  due  to  the  As  and  Se  atoms  having 
a very  similar  atomic  size.  In  the  case  of  As-Te  glasses, 
however,  Te  atoms  are  larger  than  the  As  atoms.  In  the  sub- 
stitution for  Se  atoms  by  Te  atoms,  the  half  width  shown  in 
Table  III  becomes  wider.  It  is  unlikely  that  the  increase 
in  the  first  peak  half  width  is  due  to  the  increase  of  the 
thermal  factor.  Indeed,  the  mean  square  vibration  displace- 
ment of  Se  atoms  is  larger  than  that  of  Te  atoms  in  the 
5 7 

elements.  Hence  the  increase  in  the  half  width  may  be 
from  the  increase  of  the  concentration  of  larger  Te  atoms. 

The  distribution  of  various  interatomic  distances  broadens 
the  peak.  Therefore  random  bonding,  not  the  chemical  ordering 
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between  atoms,  seems  most  likely  to  occur  in  the  glassy 
fi 1ms . 

This  argument  has  also  been  shown  in  the  pair  function 

calculation  of  As2Te3.  In  the  case  of  random  model  a thermal 
- 0 2 S s 2 

factor  e , which  is  equal  to  the  factor  used  in  the 

case  of  As^Se^,  was  needed  to  make  the  calculated  rdf  fit 

with  the  experimental  result.  However,  in  the  case  of 

2 

ordered  models,  a factor  e * s was  needed  to  make  the 
sharper  peak  match  with  the  experimental  result. 


Glassy  As9 (Chalcogen) ~ Films 

The  shift  of  the  location  of  the  first  rdf  peak  with 
the  substitution  for  the  smaller  Se  atoms  by  the  larger  Te 
atoms  is  quite  clear  in  the  A9B^  glassy  films.  Their  coordi- 
nation numbers  may  be  concluded  to  be  close  to  2.4  (Table  XIV). 
Their  structures  are  similar  to  the  As-Se  and  As-Te  glassy 
films . 

Generally,  in  the  handling  of  problems  of  the  inter- 
action of  different  types  of  atoms  a quasichemical  approach 
method  is  fruitful  if  size  effects  and  valence  effects  are 
not  significant  in  the  solution.  Since  the  size  and  valence 
are  very  similar  between  As  and  Te  or  As  and  Se  atoms,  the 
quasichemical  approach  may  be  valuable  in  the  understanding 
of  local  bonding  in  the  glassy  films. 

According  to  this  approach,  two  extreme  conditions  may 
exist  in  the  bonding  in  a binary  system,  ordering  and 
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Table  XIV 

Nearest  Neighbor  Coordination  Number 
of  As2Chalcogen2  Glassy  Films 


Specimen 

Measured  Area 

Calculated  Area 
Random  Ordered 

Corrected  Area 
(coordination) 

As  2Se  ^ 

2.4 

2 . 39 

2.4 

2.40 

As2Se2Te 

2.2 

2.  35 

2.33 

2.24 

As2SeTe2 

2.5 

2.29 

2.27 

2.6  3 

As2Te3 


2.4 


2.27 


2 .23 


2.56 
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clustering.  If  the  electronegativity  difference  between  A 
and  B atoms  is  large,  attractive  interaction  between  unlike 
atoms  results.  That  is,A-B  bonds  will  be  more  stable  than 
A-A  or  B-B  bonds,  and  optimum  degrees  of  ordering  will  result. 
Conversely,  if  there  is  a repulsive  interaction  between 
unlike  atoms,  A-A  and  B-B  bonds  are  more  stable  and  an 
optimum  degree  of  clustering  will  be  obtained.  In  As-Se  or 
As-Te  systems,  the  electronegativity  differences  are  small, 
and  the  size  effect  is  not  large,  and  a complete  ordering 
is  unlikely.  The  transmission  electron  micrograph  and  the 
small  angle  diffraction  of  these  glassy  films  also  did  not 
show  apparent  segregated  regions.  Therefore,  clustering 
is  not  probable,  and  a random  type  bonding  is  more  likely. 


CHAPTER  VIII 


SUMMARY 

Electron  diffraction  rdf  analysis  of  As-Se  and  As-Te 
glassy  films  has  shown  that  a consistent  three-fold  coordi- 
nation of  As  and  two-fold  coordination  of  Se  or  Te  exists  in 
these  films.  The  nearest  neighbor  distances  are  close  to 
the  sum  of  the  covalent  radii  of  the  elemental  As  and  hexa- 
gonal Se  and  Te . 

While  amorphous  and  crystalline  As 2Se 3 have  a similar 
short-range  order,  amorphous  As2Te3  has  a different  short- 
range  order  to  that  of  crystalline  As2Te3<  In  light  of  the 
similar  short-range  order  in  amorphous  and  crystalline  As?Se~, 
and  the  similar  structural  properties  in  As-Se  systems,  it  may 
be  expected  that  during  crystallization  of  the  As-Se  glasses 
the  local  order  may  not  change  drastically.  However,  sig- 
nificant local  order  changes  do  occur  in  the  crystallization 
of  As-Te  glasses.  The  crystallization  of  As-Te  glasses  occurs 
in  steps.  An  intermediate  crystalline  phase  crystallizes  out 
of  the  amorphous  matrix  in  each  case.  The  two  intermediate 
phases  in  the  crystallization  of  As7Te3  and  AsTe  are  not  the 
same  and  their  structures  are  unknown. 

In  suite  of  the  considerable  interest  in  the  amorphous 
arsenic  chalcogenide  structures,  there  still  is  not  a unique 
model  for  a particular  glass.  Nevertheless,  it  seems  most 
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unlikely  that  a microcrystalline  model  is  an  adequate  repre- 
sentation of  the  As-Se-Te  glasses.  The  structure  of  bulk 
glass  may  differ  from  amorphous  thin  films  due  to  consider- 
able differences  in  the  method  of  preparation;  however,  the 
electron  diffraction  rdf  analysis  of  thin  films  and  the  x-ray 
diffraction  rdf  analysis  of  bulk  glasses  have  not  shown  appre 
ciable  differences  in  structure  of  bulk  and  film  glasses. 

From  the  result  of  the  linear  variation  of  nearest  neigh 
bor  interatomic  distances  with  composition  of  the  specimen, 
and  from  the  lack  of  segregated  regions  in  electron  micro- 
graphs, it  is  considered  here  that  the  arsenic  chalcogenide 
glassy  films  are  essentially  solid  solutions  with  random  dis- 
tribution of  the  constituent  species.  The  amorphous  struc- 
ture is  a continuous  network.  This  model  agrees  with  the 
point  of  view  from  the  theory  of  vapor  deposition  on  the  cold 
substrate  and  with  quasichemical  considerations. 

Several  questions  are  left  for  further  examination  of 
these  glassy  films,  notably  the  consistency  of  the  film  com- 
position and  the  phase  separation  of  Se-rich  glass  films. 

Since  selenium  tends  to  evaporate  readily,  the  film  should 
be  kept  down  at  very  low  temperature  during  examination  of 
the  composition.  Electron  microscope  observations  are  in- 
sensitive to  phase  separation  of  As-Se  films,  since  the 
close  electron  density  of  As  and  Se  makes  it  hard  to  recog- 
nize the  individual  phase.  Some  other  method  sensitive  to 
the  structure  change  should  be  used  to  explore  the  structure 
of  amorphous  materials  and  the  structural  change  linked  to 
electrical  switching  and  optical  decomposition. 
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